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A B S T R A C T
Granular nanofibrous carbons (NFCs) with herringbone structure were synthesised by the
decomposition of natural gas over Ni/Al2O3 catalysts, and their performance in the selec-
tive oxidation of hydrogen sulphide was studied. Samples obtained over pure Ni catalysts
are the strongest mechanically and easiest to produce. However, they show low selectivity
for sulphur and are unstable during operation. Boiling in nitric acid followed by annealing
led to improvements in catalytic stability and a significant increase in the selectivity for
sulphur in the direct oxidation of hydrogen sulphide. The addition of large amounts of
water vapour to the reaction mixture dramatically improved the selectivity and stability
of the NFCs.
 2010 Elsevier Ltd. All rights reserved.
1. Introduction
Hydrogen sulphide (H2S) is one of the most toxic environmen-
tal pollutants. It originates predominantly from the extraction
of natural resources such as oil, gas, coal and geothermal va-
pour that contains large amounts of sulphur compounds. The
conversion of H2S to sulphur is desired to reduce impact on
environment. One of the most popular current large-tonnage
technologies for the production of sulphur from an H2S-con-
taining gas is a multi-stage Claus process [1]:
H2Sþ 1=2SO2 $ 3=ð2nÞSn þH2O; DH ¼ 77 kJ=mol ð1Þ
Reasonably efficient removal of H2S from a gas flow is,
however, difficult due to thermodynamic limitations. The tail
gases of the Claus process may contain 0.4–1.5 vol% of hydro-
gen sulphide and up to 40% water vapour [2]. In order to limit
emission into the atmosphere, various processes of addi-
tional purification are applied. The most well-known is the
SuperClaus process [3]. It includes the direct selective oxida-
tion of residual H2S by molecular oxygen to elemental sulphur
over metal oxide catalysts:
H2Sþ 1=2O2 $ H2Oþ 1=nSn; DH ¼ 222 kJ=mol ð2Þ
The typical catalysts for this process are iron-chromium
oxide and other metal oxides supported on a-alumina or sil-
ica. Iron oxide catalysts are resistant to deactivation in the
presence of large amounts of water vapour, but a large excess
of oxygen (up to 10-fold higher than the stoichiometric
amount for the reaction (2)) is needed [3]. New catalysts sup-
ported on b-SiC are more stable towards deactivation and per-
form better with a high content of water vapour and low
ratios of O2/H2S than Al2O3- and SiO2-based catalysts do are
currently under development [4]. In summary, the main dis-
advantage of metal oxide catalysts for the selective oxidation
of hydrogen sulphide is that they can perform steadily only at
certain ratios of H2S/O2/H2O. A deviation from the optimal
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ratio of components in the reaction mixture leads to a de-
crease in activity or selectivity (i.e. unstable operation of the
catalyst) [5]. The typical disadvantages for metal oxide cata-
lysts can be eliminated to a great extent by using effective car-
bon-based catalysts, and these are currently being developed.
Activated carbons may act as carbon catalysts for the di-
rect oxidation of hydrogen sulphide. The possibility of using
them as catalysts has been demonstrated long time ago [6].
In the 1920s, «IG Farbenindustrie» suggested the purification
of gases from hydrogen sulphide in the presence of activated
carbon at temperatures below 150 C. The process can be car-
ried out at this temperature only at a very low concentration
of H2S or in a periodic mode of operation where a catalyst is
regenerated repeatedly. A temperature of at least 200 C is
necessary for continuous operation with an entry H2S con-
centration of up to 1.5%. As follows from the literature data,
the selectivity of activated carbon may, however, deviate from
100% at temperatures above 150 C, especially in the presence
of excessive oxygen, and a process at around 200 C is not
applicable in practice [7]. In addition, activated carbon starts
to oxidise at high temperatures.
The authors have demonstrated that granular nanofibrous
carbon (NFC) is a promising carbon catalyst for the direct oxi-
dation of H2S [8]. This material is produced as a result of the
decomposition of hydrocarbons over nickel-containing cata-
lysts and has a mesoporous structure. It has also been dem-
onstrated that catalysts of this type have high activity and
selectivity for the direct oxidation of hydrogen sulphide at
200 C, even at 30-fold excesses of oxygen with respect to
the stoichiometric content (reaction (2)) [9,10]. A more de-
tailed investigation [11] has revealed that the NFC samples
most selective to sulphur are those synthesised over Fe–Ni-
based catalysts (with a nanofiber structure of multiwalled car-
bon nanotubes), while the most active are samples produced
over Ni–Cu catalysts (with a nanofiber structure of a ‘‘pack of
cards’’). Taking into account that the cost of the catalyst for
growing NFC does not exceed the cost of the nickel contained
in it more than by a factor of 2, we can estimate that the cost
of NFC will not exceed 1–2 $/kg.
Samples of NFC produced over Ni-based catalysts (with
nanofibers structure of ‘‘herringbone’’) have shown unstable
operation and low selectivity in the presence of high excesses
of oxygen and the absence of water vapour. Despite of that,
we consider the NFC synthesised over a nickel-based catalyst
as attractive for application as a catalyst because:
– Its granules (possessing a mechanical compressive
strength of 1.5 MPa (15 kg/cm2)) are mechanically stronger
than those of other types of NFC and can therefore be used
in industrial reactors;
– It can be synthesised more easily. The approaches to the
synthesis of this material are on the scale of a pilot plant with
high productivity and have already been developed [12].
Therefore, it is crucial to develop methods to improve the
catalytic characteristics of this type of NFC in order to achieve
better selectivities for sulphur and more stable operation.
Chemical pretreatment of NFC or the introduction of water
vapour into the reaction mixture can be used to improve the
catalytic performance of NFC. The problem of chemical mod-
ification of the porous carbon materials has been studied
quite well. In [13], the important role of the chemical state
of the carbon surface was shown. However, publications re-
lated to carbon catalysts for the oxidation of hydrogen sul-
phide have reported experiments conducted under
conditions of capillary condensation of sulphur and water va-
pour in the micropores of activated carbon.
For example, microporous activated carbon has been used
as an adsorbent/catalyst at temperatures of 20–70 C in [14–
17]. These temperatures are below the melting point of sul-
phur and the boiling point of water. The content of hydrogen
sulphide at the inlet of the reactor in these experiments was
several fractions of a percent, and the relative humidity was
up to 80%. Most of the published studies have investigated
the influence of the content of water vapour and that of the
relative humidity on the adsorption capacity of the bed and/
or conversion of hydrogen sulphide. As a rule, the adsorption
capacity and conversion of hydrogen sulphide increase with
an increase in the content of water vapour in the initial gas.
Some studies have reported an extreme dependence of the
conversion of hydrogen sulphide on vapour content. A de-
crease of conversion with an increase of temperature has
been detected under some conditions.
The reported effects can be explained by the processes
forming a liquid film as a result of the capillary condensation
of water vapour in the micropores of activated carbons. At the
same time, it is stated (e.g. in [18]) that ‘‘. . . in the small pores
of carbons, where oxidation of hydrogen sulphide ions to sul-
phur radicals followed by the creation of sulphur oxides and
sulphuric acid occurs. It is proposed that . . .the degree of
microporosity is an important factor’’. Obviously, the appear-
ance of sulphuric acid in the course of the oxidation of hydro-
gen sulphide at increased concentrations of vapour must lead
to a decrease in selectivity for sulphur. A large number of re-
search publications exist on the chemical pretreatments of
activated carbon and their influence on the adsorption/oxida-
tion of hydrogen sulphide [17–23]. It is necessary to note that
the products of the reaction, as a rule, are not removed from a
reactor when a sample of activated carbon is used. Instead,
they accumulate in a layer on the adsorbent and the matter
of the selectivity of the oxidation of hydrogen sulphide is
irrelevant.
The conditions of the oxidation of hydrogen sulphide used
in our experiments are fundamentally different from those
used in the case of activated carbon. First, a graphite-like
mesoporous carbon material was used, and contains almost
no micropores. Second, the process was conducted at higher
temperatures, that is, under conditions excluding the con-
densation of water vapour. Furthermore, the subject of our
study is a continuous process of the oxidation of hydrogen
sulphide in which the products of the reaction are removed
from the reactor with a gas flow. The conversion and selectiv-
ity of the oxidation to sulphur are two main criteria of effi-
ciency for such a process. Most of the published studies
have considered the oxidation of hydrogen sulphide over acti-
vated carbon as a part of a periodic process for the removal of
hydrogen sulphides from gases. In their cases, the main
parameter is the amount of hydrogen sulphide adsorbed be-
fore it starts to pass through the bed.
It appears that the influence of the chemical pretreat-
ments, as well as that of excessive water vapour on the char-
acteristics of the NFC in the course of the selective oxidation
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of hydrogen sulphide in a continuous mode has not been re-
ported or analysed in the literature. Therefore, the purpose
of this work was to investigate the changes in the catalytic
characteristics of NFC synthesised over a Ni-based catalyst
after chemical pretreatments and after the introduction of
excessive amounts of water vapour into the reaction
mixture.
2. Experimental
2.1. Carbon samples
A sample of nanofibrous carbon (denoted NFC-1) possessing
typical structural features of this type of materials was syn-
thesised over a Ni-containing catalyst. The sample was pro-
duced in a vibrofluidised bed in a pilot plant at 520–540 C
from natural gas containing 95 vol% CH4 and 5 vol% C3H8.
Natural gas was fed into the reactor at a rate of 100 l/(h
gcat). The reactor design and method of production of
NFC-1 are described in more detail in [12]. The approximate
composition of the Ni-based catalyst used (in the reduced
state) was 90 wt% Ni and 10 wt% Al2O3. The preparation
of the initial catalyst is described in more detail elsewhere
[24]. Prior to use in the reaction, the catalyst was reduced
in a flow of H2 at 550 C for 3 h and passivated by ethanol
at room temperature after cooling in a flow of hydrogen
gas.
NFC-1 was subsequently processed by two types of chem-
ical treatment, and the resulting samples are denoted as NFC-
1–NH3 and NFC-1–HNO3 NFC-1–NH3 was obtained by passing
vapours of ammonia over NFC-1 in a quartz reactor at
700 C for 8 h. Hydrogen gas was used as a carrier gas for
ammonia vapours. NFC-1–HNO3 was obtained by boiling
NFC-1 in concentrated nitric acid for one hour and subse-
quent careful washing in distilled water [25]. Finally, the as-
produced sample of NFC-1–HNO3 was annealed in a flow of
argon at 900 C for 3 h.
In order to better estimate changes in the performance
of NFC-1 after chemical treatments and to put its perfor-
mance in a context, the conversion of H2S and the selectiv-
ity for sulphur for the sample produced over a Ni–Cu-based
catalyst are also presented in the manuscript. This sample
(denoted as NFC-2) was produced over a Ni–Cu catalyst ob-
tained by the mechano-chemical activation of oxides and
hydroxides of Ni and Cu [26]. Methane at a flow rate of
120 l/(h gcat) was used as a feedstock gas. The comparative
characteristics of NFC-1 and NFC-2 are shown in Table 1.
The carbon yield is defined here as a weight ratio of nano-
fibrous carbon and initial catalyst metal (gNFC/gcat).
2.2. Equipment and methods
Experimental studies of the direct selective oxidation of
hydrogen sulphide were carried out using the laboratory set-
up shown schematically in Fig. 1. The laboratory reactor was a
vertical tube (15 mm in diameter and 100 mm in height) made
of Pyrex glass with a gas-distributing grid sealed in it. A bed of
a catalyst (carbon sample) was placed over the grid. Each cat-
alytic sample was pre-milled before loading into the reactor
to obtain the 0.1 mm fraction. Preliminary studies revealed
no pore-diffusion limitations when such a fraction of the cat-
alyst was used. The reactor was placed in an electric thermo-
stat. The reaction temperature was controlled using a
thermocouple inserted into the catalytic bed. An appropriate
mixing of NFC and reaction medium was provided by the flu-
idisation of the catalyst bed through vertical vibration of the
reactor.
The initial gaseous mixture was prepared by mixing
hydrogen sulphide, helium and oxygen in certain propor-
tions. In order to introduce water vapour into the reaction
mixture, the latter was blown through a saturator kept at a
certain temperature. The sulphur produced in the course of
the reaction deposited on a condenser at the outlet of the
reactor. The gas pipeline between the saturator and the sul-
phur condenser was kept at 110 C in order to prevent the
condensation of water vapour. The composition of the inlet
and outlet gas mixtures was evaluated using gas chromatog-
raphy (Tsvet 500 M instrument). A column filled with Polysorb
was used for separation of the components. A detector based
on the principle of thermoconductivity was used. The gas-
eous mixture transferred to the chromatograph was dried
using a CaCl2 column prior to the measurement.
Typical experimental conditions were as follows: tempera-
ture of 200 C, gas mixture of 1 vol% H2S + 15 vol% O2 (30-fold
excess of oxygen with respect to its stoichiometric
amount) + (0–40) vol% H2O, with helium as a balance. 0.75 g
of a catalyst was loaded into the reactor in each experiment.
A gas hourly space velocity (GHSV) of 3100 h1 was chosen in
order to provide an accurate comparison of samples, as well
as to make sure that the most active samples of NFC show
a conversion of H2S lower than 100%.
The conversion of H2S was calculated according to the for-
mula (3):
XH2S ¼
CiH2S  CoH2S
CiH2S
 100;%; ð3Þ
where CiH2S and C
o
H2S
are the inlet and outlet concentrations of
hydrogen sulphide, respectively.
The selectivity of direct oxidation for sulphur was defined
according to the formula (4):
Table 1 – Description of samples of nanofibrous carbon.
Sample ID The composition of
an initial catalyst (wt%)
Synthesis
temperature (C)
Carbon yield
(gNFC/gcat)
The amount of metal
or alloy in the
sample (wt%)
The amount of
a structural promoter
(oxide) in the sample (wt%)
NFC-1 90 (Ni)–10 (Al2O3) 520–540 120 0.83 0.09
NFC-2 80 (Ni)–10 (Cu)–10 (Al2O3) 550 230 0.43 0.05
2006 C A R B O N 4 8 ( 2 0 1 0 ) 2 0 0 4 –2 0 1 2
Author's personal copy
SS ¼
CiH2S  CoH2S  CoSO2
CiH2S  CoH2S
 100;%; ð4Þ
where CiH2S is the inlet concentration of hydrogen sulphide,
while CoH2S and C
o
SO2
are outlet concentrations of hydrogen sul-
phide and sulphur dioxide, respectively.
The BET surface areas of samples were calculated using
low-temperature (77 K) isotherms of nitrogen adsorption,
which were measured using a Quantachrome NOVA 1000E
instrument.
Transmission electron microscopy (TEM) images of the
samples of NFC were obtained using a JEOL-100CX instru-
ment, and scanning electron microscopy (SEM) images were
produced using a Tesla BS-350 microscope.
Reflected infrared spectra were recorded using an FTIR
Shimadzu 8300 spectrometer and a standard reflecting setup
with a resolution of 4 cm1. The samples were prepared by
the sedimentation of fine particles onto a metal plate in a
glass cylinder. The carbon samples were first finely ground
in an agate mortar. Small portions of fine particles were then
blown into a hole in the top part of the cylinder, and a metal
plate was placed inside of the latter after the sedimentation
of large particles had finished (2–3 min). The sedimentation
of finer particles was carried out for 1 h, and the whole proce-
dure was repeated three to four times in order to achieve the
necessary thickness of the layer.
3. Results and discussion
3.1. General characterisation of samples
Fig. 2 shows images of the initial sample of NFC-1. The mate-
rial was in the form of granules with sizes of several mm, and
three typical granules are shown in Fig. 2a. The TEM investi-
gation revealed that the granules consisted of nanofibers with
nanoscale diameters (Fig. 2b). The diameters were mostly be-
low 100 nm. Because carbon nanofibers were grown catalyti-
cally from natural gas using a Ni-based catalyst, nickel
nanoparticles can be observed at the tips of the nanofibers.
The growth of a particular nanofiber could be still active at
the moment of the termination of the synthesis, and a parti-
cle with partially open surfaces and a faceted appearance was
detected at the tip of such a nanofiber (Fig. 2c). If the growth
of a nanofiber had already stopped (which usually happens by
blockage of the surface of the metallic nanoparticle by a car-
bon layer), an irregular particle covered with a carbon shell
(Fig. 2d) can be found at the tip of the nanofiber. A HRTEM im-
age of a typical nanofiber is shown in Fig. 2e, and two sets of
fringes located at a certain angles with respect to the axis can
be observed. The high-resolution image is in agreement with
what has been observed elsewhere and is interpreted as evi-
dence of a conical arrangement of basal planes of graphite
(graphene sheets) inside the nanofiber [27]. The results of
characterisation of the sample are consistent with previous
results published about this material.
Boiling of NFC-1 in nitric acid for 1 h led to a metal content
of 0.4 wt% in the resulting sample (NFC-1–HNO3). A fraction of
metal impurities in NFC-1 was dissolved because the surface
of some nickel particles was not encapsulated by a layer of
carbon. On the other hand, a large number of metal particles
were completely covered by carbon shells and were not dis-
solved even by boiling in nitric acid. It is likely that most of
the particles with open surfaces were removed from the sam-
ple after the acidic treatment and, correspondingly, the
amount of such particles decreased dramatically.
Table 2 lists the surface areas of NFC-1, its modifications
NFC-1–HNO3 and NFC-1–NH3, as well as that of the compara-
tive sample NFC-2. The surface area of NFC-1–HNO3 was
slightly higher than that of the initial NFC-1. The surface
areas of NFC-1 and its modified versions were all about twice
as small as that of NFC-2.
3.2. Infrared spectra
Fig. 3 shows infrared spectra of NFC-1, NFC-1–HNO3 and NFC-
1–NH3 within the range of 400–2000 cm
1
, which covers the
characteristic frequencies of most chemical groups. The spec-
tra include several absorption bands related to the presence
of various functional groups, but the detailed interpretation
of these bands is difficult. The range of 1650–1750 cm1 is typ-
ical for carbonyl groups R1R2 = O, where R1 and R2 are hydro-
carbon fragments or OH-groups. The range of 1500–1620 cm1
is characteristic of carboxylic groups RCOO-. The ranges of
1400–1500, 1300–1400 and 1000–1200 cm1 correspond to a
carbonate ion CO3
2
, an NO3
2 ion and C–O valence vibra-
tions, respectively. It is of note that the pairs of bands in the
ranges of 1490–1510 and 1580–1610 cm1 can be attributed
to valence vibrations of aromatic rings.
Fig. 1 – Scheme of the laboratory setup for the direct oxidation of hydrogen sulphide to sulphur.
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According to the data presented in Fig. 3, an increase in
absorbance occurs for the samples NFC-1–HNO3 and NFC-1–
NH3 between 800 and 1200 cm
1
, the range typical for defor-
mative vibrations of OH-groups and valence vibrations of C–
O (bands within 1100–1200 cm1). The appearance of a band
at around 1400 cm1 could be due to the presence of nitrate
groups, and a band at 1500 cm1 could be attributed to –NH2
groups (sample NFC-1–NH3). The spectra of all of the samples
included bands of carboxylic, carbonyl groups and fragments
containing C–O. Boiling in HNO3 possibly leads to the appear-
ance of nitrite and nitrate groups, and treatment with NH3
causes the formation of –NH2 groups on the surface. The
infrared spectra of NFC-1–HNO3 and NFC-1–NH3 are generally
similar to that of NFC-1 in the ranges corresponding to sur-
face oxygen-containing groups. Certain differences can be re-
lated to different amounts of samples used for the analyses.
Treatment of NFC-1 with ammonia was performed in an
oxygen-free environment, and it is logical to expect only nitro-
gen-containing functionalities on the surface of the carbon
nanofibers. It is possible that a certain regrouping of oxygen-
based groups could also occur [28]. Ermakova et al. [25] have
studied samples identical to NFC-1 and NFC-1–NH3 by XPS.
They estimated the atomic [O]/[C] and [N]/[C] ratios at the sur-
face of NFC-1–NH3 to be 0.016 and 0.0034, respectively. Accord-
ing to their measurements, the same [O]/[C] ratio is
characteristic of an untreated sample of NFC-1, while the rela-
Fig. 2 – Images of a sample of NFC-1: (a) a photograph of granules; (b) a low-magnification TEM image of nanofibers; (c), (d)
open and encapsulated particles of nickel at the tips of nanofibers; (e) a high-resolution image of an individual nanofiber.
Fig. 3 – Infrared spectra of samples: (a) NFC-1, (b) NFC-1–
HNO3 (treated by boiling in HNO3 and annealed in argon), (c)
NFC-1–NH3 (annealed in an NH3–H2 mixture).
Table 2 – Specific surface areas of samples of nanofibrous
carbon.
Sample Specific surface area (m2/g)
NFC-1 110
NFC-1–HNO3 129
NFC-1–NH3 103
NFC-2 250
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tive amount of nitrogen is increased in NFC-1–NH3. According
to the results of [25], the introduction of nitrogen-containing
groups [19] on the surface led to an almost twofold increase
in the concentration of basic groups (from 0.13 to 0.21 cen-
tres/nm2) and a slight increase in pH of the surface (from
9.42 to 9.87).
Ermakova et al. [25] have also studied a sample identical to
NFC-1 after its boiling in nitric acid. XPS studies revealed
atomic ratios of [O]/[C] and [N]/[C] at the surface equal to
0.087 and 0.0051, respectively. Because of the oxidising action
of nitric acid [19,29] the concentration of the acidic surface
centres increased significantly (up to a value of 0.75 centers/
nm2), leading to a decrease in pH of the surface from 9.42 to
3.07. The sample was additionally annealed in our study at
900 C in an argon flow for 3 h. Such a high temperature of
annealing leads to the desorption of oxygen-containing func-
tional groups introduced during boiling in nitric acid. Temper-
ature-programmed desorption from the surface of active
carbon carried out by Szymanski et al. [30] demonstrated a
significant escape of oxygen-containing groups in the form
of H2O, CO and CO2 at temperatures below 900 C. The oxy-
gen-based surface groups are bonded at the surface more
weakly than the nitrogen-based ones. It has been shown that
the amount of oxygen drops almost fivefold when a carbon
sample is heated up to 600 C, and the maximum of nitrogen
desorption is at approximately 920 C [31]. It has also been
demonstrated in [31] that heating of an active carbon treated
with nitric acid up to a temperature of 600 C leads to an in-
crease of surface pH from 1.5 to 7. We may assume that our
sample NFC-1–HNO3 has a value of surface pH close to the ini-
tial value of 9.4 and a low surface concentration of oxygen
atoms (resembling that in the initial sample NFC-1). The sam-
ple has also an insignificant amount of nitrogen-containing
groups, which was confirmed by infrared spectroscopy. The
band at around 1400 cm1 responsible for NO3
2 groups was
comparatively less intense than the band at 1500 cm1 (corre-
sponding to NH2 groups) in the spectrum of NFC-1–NH3. Over-
all, the sample NFC-1–HNO3 was similar to the sample NFC-1,
but retained approximately half of the initial amount of nick-
el (because the nickel particles with accessible surfaces are
removed by the acid treatment) and a somewhat increased
surface area.
3.3. The influence of chemical pretreatments on the
process of oxidation
The relationships between chemical pretreatments of nanofi-
brous carbon (NFC-1) and its catalytic properties in the direct
oxidation of H2S were studied, and the results are shown in
Fig. 4. The conversions of H2S and selectivities for sulphur
for various samples are plotted as functions of reaction time.
The performance of a sample of nanofibrous carbon obtained
over a Ni–Cu-based catalyst (denoted NFC-2) is also included
for comparison. We have shown in a previous publication
[11] that this type of a carbon material demonstrates more
attractive catalytic activities and selectivities for sulphur than
those of samples obtained over Ni-based catalysts before any
chemical pretreatment.
The initial conversion of H2S for samples NFC-1 and NFC-
1–NH3 (treated with ammonia) was 90%, while samples NFC-
1–HNO3 (boiled in nitric acid and subsequently annealed in
argon) and NFC-2 started from conversions of almost 100%.
The conversion of samples NFC-1, NFC-1–NH3 and NFC-1-
HNO3 decreased gradually to about 65% over the course of
the corresponding experiments, while the conversion pro-
vided by NFC-2 decreased only to 95%.
The selectivities of all samples in the initial moment of
time were nearly identical. The only exception was NFC-1–
NH3, with an initial selectivity of 25%, which quickly dropped
to zero and stayed at that level until the end of the experi-
ment. The initial selectivities of other samples (85–90% in
the beginning of experiments) started to decrease after the
initial moment, and the drop in the selectivity of NFC-1 was
much larger than that of NFC-1–HNO3 and NFC-2. The selec-
tivities of NFC-1–HNO3 and NFC-2 (which behaved in a similar
manner) dropped to a value of approximately 65%, and then
reached stationary values of about 70% and 75%, respectively,
and retained these values until the end of the experiments.
The selectivity of NFC-1 dropped to 47% first and then sharply
increased up to 80%. The selectivity started to slowly decrease
Fig. 4 – Conversions of H2S and selectivities for sulphur as functions of time for various samples: j – NFC-1, s – NFC-1–HNO3,
D – NFC-1–NH3, * – NFC-2. The process temperature was 200 C, and a mixture of H2S (1 vol%), O2 (15 vol%) and He (84 vol%)
was supplied to the reactor at a GHSV of 3100 h1.
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immediately after the increase, and dropped abruptly after
approximately 7 h. After the sharp drop, it decreased further
to reach a value of 10%.
Let us consider the reasons for the observed behaviour of
selectivity for sulphur over the samples of carbon nanofibers.
According to [32], the sulphur is supposed to get adsorbed
preferentially in the form of S8 clusters at this temperature
(200 C). Adsorbed sulphur may prevent access of the reagents
to most active sites (defects) on the surface of the carbon fil-
aments, as well as to the most active surfaces of the residual
metal particles. Because nickel is not a selective catalyst for
the direct oxidation of H2S to sulphur at 200 C [33], the metal
surfaces covered with sulphur can act as local ignition sites if
the access of oxygen is present. The local oxidation of sulphur
on a metal surface may lead to local fluctuations of tempera-
ture and, correspondingly, to further extension of the oxida-
tion of sulphur to a part of or even the whole surface of the
carbon. The chemical properties of the surface may change
and decrease the selectivity of the oxidation of sulphur over
NFC-1.
Another possible explanation is that metal particles are
less accessible in the initial moment because they are blocked
by carbon-containing hydrogen-deficient hydrocarbon com-
pounds that tend to interact with oxygen more readily than
the rest of carbon surface. As a result of the oxidation of such
compounds, the metal surface can partially open and the
selectivity may decrease. Because only a small amount of
reactive forms of carbon is on the surface, the conversion
and selectivity reach stationary values. A more detailed
explanation is given in [11].
The presence of nitrogen-containing groups on the sur-
face of nanofibers and the pH value of the surface above
neutral are typical features of NFC-1–NH3 [25]. The pres-
ence of nitrogen-based groups on the carbon surface in-
creases the number of adsorbed anions of hydrogen
sulphide (HS-) during the reaction [19,20]. The degree of
dissociation of hydrogen sulphide into ions is also depen-
dent on the pH of the surface. Molecules of hydrogen sul-
phide are adsorbed physically at the surface of carbon at
low pH, and hydrogen sulphide dissociates into ions at
higher pH values [17]. According to [21], nitrogen-contain-
ing groups introduced onto carbon nanofibers increase
the polarity of the carbon surface. They also provide direct
contact for ions of hydrogen sulphide with the surface of
carbon nanofibers, which leads to the fast formation of
highly active radicals of sulphur, as well as oxygen ions
[18]. The reason for this is that a carbon surface with
nitrogen-based groups has improved characteristics for par-
ticipation in reactions with electron exchange [22,23]. The
above characteristics of the surface resulted in the oxida-
tion of hydrogen sulphide into sulphur dioxide over the
sample NFC-1–NH3.
As we concluded in the section 3.2, the sample NFC-1–
HNO3 was identical (or at least very similar) to NFC-1, and
the only differences were the content of nickel and an in-
creased surface area of nanofibers. Because the most active
and accessible nickel was removed, NFC-1–HNO3 had half as
much nickel compared to that of NFC-1. An increased number
of defects in the structure of the nanofibers resulted in a high
conversion of hydrogen sulphide (Fig. 4). Annealing con-
ducted at a high temperature favours more stable perfor-
mance of the catalyst. The amount of accessible metal in
NFC-1–HNO3 was similar to that in NFC-2 (about 0.4 wt%),
which is why these two samples demonstrate very similar
selectivities. The selectivity for sulphur of NFC-1–HNO3 was
slightly higher because it had a smaller surface area (Table
1) and a different structure of nanofibers and, as a conse-
quence, was less active.
3.4. The influence of water vapour on the process of
oxidation
The influence of water vapour on the catalytic performance of
the as-produced and modified NFC-1 is presented below. The
conversion and selectivity for NFC-2 are also shown for com-
parison in Fig. 5. NFC-1, NFC-1–HNO3 and NFC-1–NH3 demon-
strated initial conversions of H2S of 95%, and the conversions
for all three samples gradually decreased, and eventually
reached 75% for NFC-1–HNO3. The initial decline of the con-
version for NFC-1 and NFC-1–NH3 was steeper and very simi-
Fig. 5 – Conversions of H2S and selectivities for sulphur as functions of time for various samples: j – NFC-1, s – NFC-1–HNO3,
D – NFC-1–NH3, * – NFC-2. The process temperature was 200 C, and a mixture of H2S (1 vol%), O2 (15 vol%), H2O (40 vol%) and
He (44 vol%) was supplied to the reactor at a GHSV of 3100 h1.
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lar in both cases. The conversion for these samples reached
68% at the end of the experiments. NFC-2 demonstrated a
conversion of H2S equal to 97%.
The selectivities for sulphur of all of the samples were al-
most 100% at the initial moment of time, but a fast decline of
the selectivities to certain stationary values happened in the
first 3–4 h of operation. The highest selectivity was that of
NFC-1 (89%). NFC-1–NH3 had a somewhat smaller selectivity
of 80%, and an even smaller stationary selectivity of 77%
was observed for NFC-1–HNO3. However, all of these samples
were more selective for sulphur than NFC-2.
As can be concluded from the above data, water vapour
acts as a stabilising factor for the conversion and selectivity.
Unlike active carbon [34] and silicon carbide [35], nanofibrous
carbon is a hydrophobic material [36,37], and water vapours
do not form a film on its surface. Water molecules can, how-
ever, adsorb on the most active sites of the surface of NFC-1 –
defects and metal (nickel) surfaces - preventing the adsorp-
tion of sulphur on those sites [38]. Because of this, the peri-
odic ignition of adsorbed sulphur on NFC-1 is prevented.
This may explain the stable behaviour of the conversion of
H2S when water vapour is present in the reaction feedstock.
The increase in selectivity in the case of NFC-2 produced over
a Ni–Cu catalyst has been already provided via the modifica-
tion of the active centres by the addition of copper metal to
nickel, and the influence of water vapour does not manifest
itself in this case.
NFC-1–NH3 demonstrated a somewhat smaller selectivity
than that of NFC-1 due to the presence of nitrogen-containing
groups (the reasons are described above in Subsection 3.4). A
small selectivity decrease for this sample can be explained by
the idea that dispersed active sulphur formed as a result of
the oxidation of H2S contacts the surface of the nanofibers
less, which prevents further oxidation to SO2. This is favoured
by an adsorbed layer of water on the surface of the nanofi-
bers, which forms as a result of the chemical pretreatment
of the NFC (the nanofibers have an improved wettability for
water vapour and are less hydrophobic [39,40]).
4. Conclusions
Samples of nanofibrous carbon synthesised over a Ni-based
catalyst have been tested as catalysts in the selective oxida-
tion of hydrogen sulphide into sulphur before and after chem-
ical treatments. It has been determined that:
(1) Acid treatment and subsequent annealing at a high
temperature leads to an increase in stability and a sig-
nificant increase in selectivity for sulphur due to the re-
moval of most active nickel from the carbon sample.
(2) Annealing in an ammonia-containing environment sig-
nificantly decreases the selectivity for sulphur because
of the formation of sites active in the full oxidation of
hydrogen sulphide (carbon surface with incorporated
nitrogen-based groups).
(3) An increase in the amount of water vapour in the reac-
tion mixture dramatically improves the performance of
all NFC samples possessing the structure of embedded
cones (that is, synthesised over a Ni catalyst). The
improvement of selectivity and stability occurs due to
the adsorption of water molecules on the sites active
in the full oxidation of hydrogen sulphide. The best
selectivity in the mixture with a high content of water
vapour was achieved over a sample synthesised over
a Ni catalyst that was used without chemical
modifications.
(4) Considering that NFC-1 (synthesised over a Ni catalyst)
has the largest mechanical strength and is the easiest
to produce in comparison with NFC catalysts of other
types, this catalyst can be recommended for large-scale
tests:
– In the presence of a large amount of water vapour in the
reaction mixture (original NFC-1 without any additional post-
treatments);
– In the presence of a small amount of water vapour in the
reaction mixture (NFC-1 modified by the acid treatment).
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